Signaling through the receptor tyrosine kinase RET is essential during normal development. Both gain-and loss-offunction mutations are involved in a variety of diseases, yet the molecular details of receptor activation have remained elusive. We have reconstituted the complete extracellular region of the RET signaling complex together with Neurturin (NRTN) and GFR2 and determined its structure at 5.7-Å resolution by cryo-EM. The proteins form an assembly through RET-GFR2 and RET-NRTN interfaces. Two key interaction points required for RET extracellular domain binding were observed: (i) the calcium-binding site in RET that contacts GFR2 domain 3 and (ii) the RET cysteine-rich domain interaction with NRTN. The structure highlights the importance of the RET cysteine-rich domain and allows proposition of a model to explain how complex formation leads to RET receptor dimerization and its activation. This provides a framework for targeting RET activity and for further exploration of mechanisms underlying neurological diseases.
INTRODUCTION
Neurotrophic signaling drives the development, survival, and function of neurons (1) . Neurturin (NRTN) is a neurotrophic factor that belongs to the GDNF (glial cell line-derived neurotrophic factor) family of ligands (GFL). GFL members include GDNF, NRTN, ARTN (artemin), persephin, and GDF15 (growth/differentiation factor 15), which bind to specific co-receptors GFR1-4 and GFRAL (GDNF family receptor  1-4 and -like) (2-4), followed by association with the extracellular portion of receptor tyrosine kinase RET (rearranged during transfection). The GFL-induced dimerization of the RET extracellular domain (ECD) triggers the activation of the intracellular RET kinase domains, leading to subsequent autophosphorylation of key tyrosine and serine residues (5) . Phosphorylation within the kinase domains results in the formation of binding sites for adapter proteins that mediate the activation signal to cascade pathways required for vertebrate nervous system development, kidney development, and spermatogenesis (6) . Aberrant RET signaling is involved in various human pathologies (7) , including Hirschsprung's disease, associated with abnormal development of the enteric nervous system and colon aganglionosis (8) , and sporadic and familial cancers in neuroendocrine organs, including multiple endocrine neoplasias type 2A and 2B (MEN2A and MEN2B) and familial medullary thyroid carcinoma (9, 10) . NRTN also promotes survival of dopaminergic neurons in culture and in vivo (11) and was developed as a possible treatment of Parkinson's disease (12) . Therefore, unraveling the molecular details of the NRTN-containing and related signaling complexes may be advantageous in the development of new therapeutics.
NRTN forms a homodimer with a cystine knot at its center (13) and requires the co-receptor GFR2 to activate RET (14) . GFR2 is a glycosylphosphatidylinositol membrane anchored protein that consists of three structured domains (GFR2 D1-D3 ) and a flexible C terminus (13) . The NRTN-GFR2 complex is composed of a dimer of dimers with the NRTN homodimer at the center and two GFR2 monomers attached (13) . The NRTN-GFR2 complex binds two copies of the RET ECD , thereby forming a heterohexamer (2, 15) . RET ECD consists of four cadherin-like domains (RET ) and a cysteine-rich domain (RET CRD ) (16, 17) . RET CLD2 and RET CLD3 coordinate calcium ions that are critical for RET folding. The previously available structural information on the heterohexameric complex is a negative stain electron microscopy (EM) 24-Å resolution map, combined with small-angle x-ray scattering data of the related GDNF, GFR1, and RET ECD from zebrafish, rat, and human, respectively, revealing the overall shape of a similar complex (18) . Important questions concerning RET complexes remain, such as the nature of the relationship between RET-GFR2 and RET-NRTN and the role of RET ECD components in the function and dynamics of these complexes.
To address these questions, the extracellular part of the NRTNand GFR2-bound RET signaling complex has been reconstituted, and its structure was determined using single-particle cryo-EM to a resolution of 5.7 Å. A tilting approach (19) was crucial for the successful reconstruction of the heterohexamer to overcome particle orientation bias. The results show that one NRTN homodimer binds to two GFR2 molecules, forming a V-shaped structure, while two RET ECD molecules wrap around the GFR2 and contact NRTN at the membrane-facing surface with the RET CRD s. Viewed from the top, the complex resembles a figure 8 with NRTN at the intersection and GFR2 and RET ECD molecules forming the ring-like structures. Detailed structural analysis identified the position of the RET CRD s, which gave insight into the positioning of the transmembrane helices 1 and subsequent dimerization of the intracellular kinase domain. In addition, we observed inherent structural flexibility within the extracellular regions of the NRTN-GFR2-RET ECD complex. These structural findings explain gain-of-function mutations in RET ECD and identify two key interface regions in NRTN and GFR2 that are critical for heterohexamer formation and receptor activation.
RESULTS

Cryo-EM structure of NRTN-GFR2-RET ECD
To obtain structural insights into the biologically active RET signaling complex, we reconstituted the heterohexameric complex from purified mature human NRTN (amino acids 96 to 197), human GFR2 (22 to 444), and human RET ECD (29 to 635) exclusion chromatography (SEC) resulted in a single symmetrical peak, indicating a homogeneous and monodisperse protein solution ( fig. S1 ). Three-detector molecular weight determination by SEC-MALS (multiangle light scattering) revealed that the NRTN-GFR2-RET complex and its separate components GFR2 and RET ECD were heavily glycosylated ( fig. S1 ). The glycosylations increased the molecular weight of the heterohexamer by 30%, resulting in an observed molecular weight of 330 kDa rather than the theoretical weight ~250 kDa ( fig. S1 ).
Initial visualization by cryo-EM established the symmetric 2:2:2 stoichiometry of the complex (13); however, preferential orientation in the sample prevented detailed structure determination (Fig. 1A) . To overcome the limitations caused by the preferred specimen orientation of the complex, we collected two datasets using a 40° tilt angle (table S1, Fig. 1A, and fig. S2 ) (19) that improved the structural data to an overall resolution of 6.3 Å. The map quality was further improved upon symmetry expansion and signal subtraction, resulting in a nominal resolution of 5.7 Å for the monomer (Fig. 1B and  fig. S2 ).
For model building, existing crystal structures of single domains of NRTN, GFR2 D1-D3 (13) [Protein Data Bank (PDB) codes: 5NMZ and 5MR4], and RET CLD1-2 (17) (PDB code: 2X2U) were fitted as rigid bodies and manually optimized using Coot (20) to match the electron density (Fig. 1B) . Models of RET CLD3-4 were generated by homology modeling (18) (PDB code: 4UX8). The 43 disulfide bonds distributed over the six molecules of the structure model were structurally constrained during refinement. Because of relatively low local resolution, the connectivity of the RET CRD and RET CLD domains could not be determined and the RET CRD could not be modeled (Fig. 1B) . In GFR2, C-terminal residues 360 to 444 and loops within GFR2 D1 were not visible in the density. This was similar to the observation in the crystal structure of the NRTN-GFR2 complex (13) . The refined structural model contained 1688 residues (of 2264), and the correlation coefficient with the cryo-EM map was 0.919 as calculated using Chimera (21) .
Description of the NRTN-GFR2-RET complex
The complex exists as a homodimeric assembly with two molecules of NRTN forming the central homodimerization domain, through a large interface area of 2100 Å 2 (Fig. 1B) . The NRTN dimer contains six intra-and one intermolecular disulfide bridges and is arranged in a head-to-tail conformation such that the finger domains are pointing away from the center (Fig. 1C ). GFR2 and RET ECD occupy lateral positions, resembling the shape of a figure 8 (Fig. 1B) . GFR2 contains three structurally conserved domains, GFR2 D1-D3 , and a flexible C terminus. Each domain is composed of four helices and form a network of interactions to NRTN and RET. GFR2 D2 is essential for NRTN binding and is flanked by GFR2 D3 , whereas GFR2 D1 is placed on the other side of GFR2 D3 and is in contact with RET CLD1 (Fig. 1B) . RET CLD1 forms a clamshell-like domain with RET
CLD2
, and the latter extends to RET CLD3 through the calciumbinding site that is shared by the two domains (Fig. 1C, left) . This arrangement is consistent with the previously determined crystal structures of NRTN-GFR2 and RET CLD1-2 (13, 17) . The intermolecular network is supported by residues from RET CLD2 and RET
CLD3
that contribute to the binding of GFR2 D3 . In addition, RET CLD4 extends from RET CLD3 and shares a large interface with the RET CRD , which completes the ring with NRTN by reaching back toward its concave membrane-facing surface. This places the NRTN surface and the RET CRD in direct contact with the plasma membrane (Fig. 1B,  right) .
Since the GFR2 and RET ECD proteins used in this study were expressed in mammalian cells, they carry near-native glycans. GFR2 (22 to 444) contains 3 predicted N-linked glycosylation sites, and RET ECD (29 to 635) contains 12 predicted N-linked glycosylation sites. Peptide mapping of RET ECD confirmed that 11 of the predicted sites were glycosylated, and only N554 was unmodified when expressed in Chinese hamster ovary (CHO) cells.
The presence of densities protruding from the ring-like structures, as seen in two-dimensional (2D) class averages, showed that at least six sugar moieties extend from the RET ECD surface. The structure presented here suggests that these glycans are linked to N98, N199, N367, N377, N394, and N448 ( fig. S3 ). In addition, N151, N336, N343, N361, and N367 are glycosylated as shown by peptide mapping. Some of these glycans are located at the inner surface of RET ECD and point toward GFR2 and/or NRTN ( fig. S3 ).
Interactions between RET
CLD1-4 and the NRTN-GFR2 complex RET CLD1-3 and GFR2 share an interface area of 850 Å
2
. GFR2 also interacts with parts of RET that are not modeled but are visible in the cryo-EM map (Fig. 2) , mediated primarily via two loops in GFR2 (residues 91 to 94 and 121 to 126). The limited interactions observed between RET CLD1 and GFR2 D1 suggested that this domain was not critical for RET ECD binding, as has been discussed before (22) . To test this hypothesis, we produced a truncated GFR2 protein, lacking the GFR2 D1 and flexible C terminus (amino acids 147 to 362). This truncated protein can form a 2:2:2 complex with NRTN and RET ECD that eluted as a single peak, as shown by SEC ( fig. S4 ). This demonstrates that neither GFR2 D1 nor the flexible GFR2 C terminus was essential for RET ECD binding. Interface 2 ( Fig. 2A, bottom right) consists of residues from GFR2 D3 and RET ECD near the calcium-binding site in RET ECD . Residues from a loop in GFR2 (G327-N330) and a helix (L252-D253) contribute to binding in this region. The network of interactions suggests that calcium binding may be required not only for proper folding of RET but also for creating a binding surface for GFR2. N330 of GFR2 is 90% buried at the interface according to analysis by PISA (Proteins, Interfaces, Structures and Assemblies) (23) , and its side chain points toward the calcium-binding groove between RET
CLD2
and RET CLD3 and interacts with RET Y263 and the main chain amide of RET D264. The third interface ( Fig. 2A, top right) includes interactions between the unmodeled RET CRD and NRTN and GFR2.
The CRD forms homotypic interactions at the membrane-facing surface of NRTN Although the local resolution for the RET CRD was not sufficient for complete model building, the density map enabled the identification of residues within NRTN and GFR2 that were in contact with RET CRD at interface 3 ( Fig. 2A, top right) . These residues were . Selected side chains of residues involved in the interaction are depicted as sticks and labeled. The second interface (bottom right) includes residues around the calcium-binding site between RET CLD2 and RET CLD3 and residues in GFR2
D3
. Selected side chains of interacting residues are depicted as sticks and labeled. Interface 3 (top right) is located at the center of the heterohexamer, where RET CRD is in contact with GFR2 and the NRTN dimer. In GFR2, a loop bearing residues 187 to 190 ( 187 REIS 190 ) is close to RET CRD (top right).
In NRTN, the loop 117 LGYA 120 , is in contact with RET CRD and is of special interest because the tyrosine residue (Y119) is semiconserved among all GFLs that all have an aromatic residue at this position (sequence alignment). A second loop (NRTN), bearing residues E135 and R139, is also close to RET is rich in negatively charged residues (sequence) and could form tight electrostatic interactions with the positively charged cleft on the NRTN surface. The homotypic RET CRD interaction also suggests a mechanism for the activation of the constitutively active RET mutant C634R, which is common in patients with MEN2A (7, 28, 29) . In this distributed over three loops: the nonconserved residues 187 to 191 (REIS) from GFR2, residues 117 to 120 (LGYA) from one NRTN protomer (NRTN A ), and the nonconserved residues 135 to 139 (EAAAR loop) of the opposite protomer (NRTN B ) in a domainswapped manner. The NRTN LGYA loop bears the semiconserved Y119, which is an aromatic residue in all GFLs ( Fig. 2A , top right and inset). The fact that three molecules (NRTN A , NRTN B , and GFR2) are involved in the binding of RET CRD suggests that this interface is important for functional complex formation. This was further highlighted by the observation that, despite extensive interactions between GFR2 and RET ECD , neither GFR2 nor NRTN alone could bind RET ECD . This was shown by surface plasmon resonance (SPR; fig. S5 ) and has also been reported for the homologous proteins GDNF and GFR1 (24) . RET ECD binds only after NRTN and GFR2 have formed a bipartite stable complex ( Fig. 3 and fig. S5 ) with the structure indicating a critical role for RET CRD during this process.
The unmodeled RET CRD forms a globular domain, which is wedged between RET CLD4 and NRTN-GFR2. However, additional density could be observed near the membrane-facing surface of NRTN, where the heparan sulfate binding site is located (Fig. 2B ) (13) . As there was no heparan sulfate analog present in the experiments, a likely explanation is that the two RET CRD s extend their C termini to this site, forming a dimeric mini domain as part of the RET CRD . This is further supported by a weak density connecting RET CRD to this mini domain, similar to that connecting RET CLD4 to RET CRD ( Fig. 2B, gray surface) . The membrane-facing NRTN surface is highly positively charged (13) and could therefore serve as an electrostatic binding platform for the dimerized RET CRD C termini with 40% anionic residues present (Fig. 2B ). This suggests an additional function for the charged surface in addition to its role in heparan sulfate binding (13) and its potential interactions with the phospholipids in the cell membrane.
The cryo-EM density shows that the two RET ECD protomers (29 and 635) have no interaction with each other, except for the last 
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C-terminal residues, which dimerize on the membrane-facing surface of NRTN. The RET transmembrane helices, which follow the RET CRD s directly in sequence, would point away from the heterohexamer into the membrane (Figs. 1B and 2B, indicated by red asterisks). This explains why NRTN is essential for bringing the transmembrane helices of full-length RET close together to enable dimerization of the intracellular domains and signaling. It also suggests that the position and distance between the RET transmembrane helices are mainly dictated by the GFL.
Heterohexamer formation in SPR is impaired by the NRTN Y119A mutation
To assess the importance of the NRTN-RET CRD interaction, we constructed two NRTN mutants, Y119A of the LGYA loop and the E135S/R139A double mutant from the EAAAR loop ( Fig. 2A , interface 3). NRTN Y119 of the LGYA loop is the only residue of those located at the NRTN-RET CRD interface that shows a degree of sequence conservation between GFLs, as all five family members bear an aromatic residue at this position ( Fig. 2A , top right and inset). In addition, to investigate the contribution of the GFR2 D3 interaction with the calcium-binding site of RET ECD , we produced the GFR2 N330A mutant.
SPR was used to assess binding of mutant NRTN to wild-type GFR2 and mutant GFR2 to wild-type NRTN and measure equilibrium dissociation constants (Fig. 3 and fig. S5 ). It has previously been shown that the apparent affinity of NRTN for GFR2 is dependent on the receptor concentration on the SPR chip. The K D (equilibrium dissociation constant) is 100-fold lower at high concentration of immobilized GFR2 compared to a low concentration of GFR2, which corresponds to a monovalent or bivalent binding site being presented by GFR2 (13) . Furthermore, the higher affinity measured by SPR using an Fc-fused GFR2 (25) is likely the result of a bivalent interaction induced by Fc dimerization. The affinities reported here for the NRTN-GFR2 interaction between wild-type and mutant proteins agree well with those corresponding to the monovalent interaction between NRTN and GFR2 reported in the previous study (13) . The SPR measurements showed that none of the mutations affected the binding between GFR2 and NRTN ( Fig. 3 and fig. S5 ) as the mutants formed bipartite complexes with K D in a similar range to the wild-type interaction ( fig. S5F ). This also confirmed that the mutant proteins were correctly folded. Since SPR was used to determine K D s for the NRTN-GFR2 interaction, the same method was used to study the formation of the heterohexamer. When all the three components NRTN, GFR2, and RET ECD were combined, the SPR sensorgrams showed biphasic behavior (Fig. 3C) , indicating that complex binding events were taking place. Because of the presence of multiple phases, quantitative determination of the affinities or binding kinetics for the formation of the heterohexameric complex could not be obtained, but several qualitative conclusions could still be drawn.
Comparison of the NRTN-GFR2 interaction, where NRTN was injected over immobilized GFR2 (Fig. 3A) with the experiment when the mixture of NRTN and RET ECD was injected over immobilized GFR2 (Fig. 3C) , showed large differences in the binding profiles. Inclusion of RET ECD resulted in much slower association and dissociation processes, suggesting slower formation of the larger complex that also dissociates slowly. The same behavior was observed when GFR2 and RET ECD were injected over immobilized NRTN ( fig. S5C ), demonstrating that the extracellular complex can form regardless of which component is attached to the surface. The change in binding profile upon addition of RET was not caused by unspecific binding, since, essentially, no binding was detected when RET ECD alone was injected over a NRTN or GFR2 surface ( fig. S5, D and E) .
In contrast, the Y119A NRTN mutant showed a distinctly different binding behavior when injected together with RET ECD over a GFR2 surface (Fig. 3D) . Addition of wild-type NRTN and RET ECD resulted in a markedly slower apparent association and dissociation compared to the bipartite complex (Fig. 3C) . This was only seen at very high concentrations (more than 1 M) in the corresponding experiment with the NRTN Y119A mutant (Fig. 3D) , indicating an impaired ability of the Y119A mutant to form the heterohexameric complex.
Together, this suggests that the observations in the SPR experiments with all three components introduced represent the formation of the heterohexameric complex. This complex formation is impaired with the NRTN Y119A mutant, suggesting weaker binding to the RET ECD .
Interface 2 is critical for heterohexamer formation
To address further the significance of the interaction surfaces between RET ECD and NRTN/GFR2, we tested the ability of the NRTN (Y119A and E135S/R139S) and GFR2 (N330A) mutant proteins to form the heterohexameric complex with RET ECD using SEC-MALS. In agreement with the SPR experiments ( Fig. 3 and fig. S5 ), all proteins tested were able to form stable bipartite NRTN-GFR2 complexes. The purified complexes were mixed with RET ECD and analyzed. The wild-type heterohexameric complex eluted as a single large peak, while a smaller peak corresponded to the size of unbound GFR2 (Fig. 4) . Both NRTN mutants were also capable of forming the hexameric complex with wild-type GFR2 and RET ECD . However, despite excess amounts of NRTN-GFR2, the complex formation using the Y119A mutant also resulted in a smaller peak corresponding to unbound RET ECD , which could indicate reduced stability of the complex (Fig. 4B) . Similar results were obtained when using chemical cross-linking to stabilize the assembled complexes. The two NRTN interface mutants under these experimental conditions were able to form a heterohexamer that could be stabilized by chemical crosslinking and observed on an SDS-polyacrylamide gel electrophoresis (PAGE) gel (Fig. 4C) . Composition of the bands on the SDS-PAGE gel was confirmed by peptide mapping. The SPR data suggested that complex formation was initiated only at high protein concentrations (>1 M; Fig. 3D ), which is consistent with the complex assembly experiments for SEC-MALS analysis and chemical cross-linking, where the concentration of NRTN-GFR2 complex was 5 M. This concentration greatly exceeds physiological protein levels but is required for the detection on SEC-MALS.
The cross-linking experiments using the GFR2 N330A mutant, on the other hand, showed a weaker band for the hexameric complex, indicating that less of the complex was formed. In addition, the hexameric complex as analyzed by SEC-MALS could not be observed for this mutant. The SEC trace looked distinctly different from that obtained with wild-type GFR2 with two major and one smaller peaks (Fig. 4B) . One of the large peaks corresponded to unbound RET ECD in retention volume, and the smaller peak eluted at the same volume as unbound GFR2, suggesting dissociation of the complex. The second large peak had a retention volume of 7 ml and was right-shifted compared to the wild-type heterohexameric complex. Because of partial overlap between the peaks, its precise molecular weight could not be determined by SEC-MALS. The matched crosslinking experiments did not show degradation or other stoichiometric variants of the complex or its components (Fig. 4C) . Table 1 . RLU, relative luminometer units.
Together, these data suggest that NRTN residues E135, R139, and Y119 are dispensable for complex formation and integrity. However, even at a high protein concentration, a small portion of the RET ECD is not in complex with Y119A NRTN-GFR2 after SEC. In contrast, the interaction between RET and GFR2 at interface 2 is essential for heterohexamer assembly and stability, as the GFR2 N330A mutant protein forms less of the heterohexamer in cross-linking and there is no heterohexamer detected after SEC.
Y119A mutation attenuates RET signaling
To assess the functional effects of the interface mutations, we measured NRTN-induced RET signaling in a human neuroblastoma cell line (TGW). The cell line has been modified to contain a luciferaseencoding gene under the control of serum response elements (26) . Addition of wild-type NRTN to the cells will result in correct assembly of NRTN, GFR2, and RET and trigger luciferase generation via the mitogen-activated protein kinase (MAPK) signaling through RET. The half-maximal effective concentration (EC 50 ) values of wild-type and mutant NRTN required to reach half-maximal RET signaling are listed in Table 1 . The Y119A NRTN mutant showed reduced signaling capacity in the cell-based assay. The EC 50 was increased sixfold for the Y119A mutant compared to wild-type, and the maximal signaling response was half that of wild-type NRTN (Fig. 4D and Table 1 ). This shows that the interaction between the LGYA loop of NRTN and RET CRD is required for efficient RET signaling. The E135S/ R139S double mutant showed a slight reduction in signaling capacity in the reporter gene assay, with a 1.5-fold increase in EC 50 and a maximal signal reached of 91% compared to wild type. In summary, these data show that, although all three targeted NRTN residues are located within interface 3 and in direct contact with RET CRD , the replacement of E135 and R139 had a limited effect on cell signaling, while removal of the side chain of Y119 markedly reduced the cell signaling capacity. Together, with the results from the in vitro complex assembly, these data show that both interfaces 2 and 3 are crucial for the NRTN-induced RET signaling, either for assembly of the heterohexameric complex or correct placement of the RET transmembrane helices to enable intracellular dimerization or both.
Conformational flexibility of the RET signaling complex
To reveal potential conformational differences for the heterohexamer within the cryo-EM sample, we performed a local 3D classification of 186,903 particles. This analysis yielded eight separable states that differed in the angle between the NRTN dimer and the ring-shaped structures of GFR2 and RET ECD . The four best classes were refined (Fig. 5) . The NRTN homodimer contains a cystine knot in the center of the molecule, consisting of six intramolecular disulfide bonds and one intermolecular disulfide bond between C164 from both protomers (13) . Since the cystine knot provides local rigidity in this region, it was used to superimpose the different states observed (Fig. 5B) . This comparison showed that class 2 had the widest angle (147°) along the z axis, class 3 showed a 133° angle along the z axis, and classes 5 and 8 were quite similar along the z axis (142° and 144°) but varied along the x axis (114° and 120°). Variation in angles within the NRTN-GFR2 complex has also been observed previously when comparing NRTN-GFR2 crystal structures ( fig. S6) (13) . The two reported complexes, one formed with full-length GFR2 and the other with the truncated co-receptor lacking GFR2 D1 , display different angles between the GFR2 protomers (115° and 126°, respectively). These results show that RET CLD1-4 and GFR2 have a degree of conformational freedom with respect to the rigid NRTN homodimer, which can be observed in solution, and it is possible that this flexibility is also present when the membrane-facing surface of the NRTN dimer and the RET CRD are anchored to the plasma membrane (Fig. 5 and fig. S6 ). This flexibility, observed in solution samples, agrees well with the ability of the RET receptor to bind a variety of ligands and co-receptors.
DISCUSSION
The molecular details of RET activation by GFL-GFR pairs were elusive for a long time. This work shows the organization of the extracellular portion of the ligand-bound RET receptor in complex with NRTN and GFR2.
We demonstrate that the RET ECD interacts with NRTN-GFR2 via a large surface area, where RET CLD1-3 interacts with GFR2 domains 2 and 3, and the unmodeled RET CRD is in contact with NRTN and GFR2. The NRTN homodimer is at the center of the complex with RET and GFR2 forming two ring-like structures around it. The two RET monomers, however, are completely separated from each other, except for the C-terminal part of the CRD domain (Fig. 1) . Despite large interaction surfaces, GFR2 and RET ECD do not associate in the absence of NRTN (fig. S5E) , and the assembly of the heterohexamer requires the NRTN-GFR2 complex to be formed with subsequent association of the RET monomers. The structure visualizes that the two 68-kDa RET ECD monomers come together just before the transmembrane helices. The C termini of the CRDs from each RET monomer thereby dimerize on the membranefacing surface of NRTN. This highlights that NRTN, and by inference, other GFLs, plays an essential role in placing the transmembrane helices at an optimal distance for signal transduction. It also suggests that the placement of the transmembrane part will differ depending on which GFL is inducing the signaling, and it is tempting to speculate that this dictates the route of intracellular signaling.
It can be seen that RET ECD interacts with NRTN-GFR2 through three distinct interfaces (Fig. 2) , two of which that we, by mutational analysis, demonstrate are essential for complex formation and/or signal transduction. The RET calcium-binding site within interface 2 is important not only for proper RET folding but also for forming a binding platform for GFR2 D3 , since the N330A mutant of GFR2 fails to form a stable heterohexameric complex. A similar mechanism has been described previously for RET ECD binding to the related GFR1 (18) . Interface 1, on the other hand, involves residues within GFR2 D1 , which we show is generally dispensable for complex formation in vitro. The importance of interface 3 was confirmed by mutational analysis of NRTN Y119, which is in direct contact with RET CRD . The Y119A mutant was able to form the extracellular hexameric complex but was deficient in RET signaling. We therefore speculate that Y119 plays a role in correctly positioning the RET CRD s in proximity of each other. Other GFLs also contain an aromatic residue at this position (tyrosine or histidine; Fig. 2A, inset) and may therefore play a similar role in RET CRD binding. Our results agree with those reported for the NRTN homolog GDF15 where W32, which aligns in sequence and structure to Y119 (Fig. 2A, inset) , is critical for GDF15 induced RET signaling in vivo (4) .
The structural information has provided an understanding of how NRTN and GFR2 interact with the receptor tyrosine kinase RET and provides a rationale for how the interaction enables RET dimerization and activation. In particular, the location of the RET CRD s suggests that the RET transmembrane helices, which follow the RET CRD s directly in sequence, enter the membrane just below the NRTN homodimer (Figs. 1B and 2B , indicated by red asterisks). This implies that NRTN binding brings the C termini of RET CRD s, and thus the transmembrane helices, close to one another such that the intracellular kinase domains come into proximity, allowing activation through transphosphorylation. This explains why a GFL is essential for RET activation, which cannot be achieved by the co-receptor alone. It is also possible that the interaction between the GFLs and the C termini of the RET ECD s differs between the GFLs and that this will drive selectivity and downstream effects.
Elucidation of the structure provides an insight into the potential mechanisms leading to disease. MEN2A and MEN2B are specific types of thyroid cancer caused by gain-of-function mutations of RET, which render the receptor constitutively active (27) . Notably, mutations of cysteine residues in RET CRD cause covalent dimers that lead to an oncogenic activation of RET kinase (7, 28, 29) . Cysteines in RET CRD are thought to form a network of disulfide bonds of unknown organization. The frequently mutated C634 in patients with MEN2A is part of the RET CRD , in which wild-type RET forms a disulfide bond with C630 (18) . In the structure presented here, unmodeled density suggests that the C termini of the two RET CRD s that harbor C634 and C630 join to form a mini domain at the membrane-facing surface of NRTN. This supports a model where NRTN (and other GFLs) is instrumental in bringing the two C termini together. The MEN2A C634R mutation leaves C630 unpaired and thereby available for putative intermolecular disulfide bonding at the face of NRTN. This would result in a covalent link between two RET molecules proximal to the extracellular membrane, with the kinase domains forming dimers, which leads to a constantly active receptor. The C634R mutation is generally considered to cause ligand-independent dimerization of RET, as demonstrated in cell-based assays overexpressing RET (7, 30) . However, neither the RET ECD nor RET ECD bearing the C634R mutation forms dimers in solution, even at high concentration (18) . Our structure is consistent with an alternative mechanism in which ligand binding is a required step before receptor dimerization can be efficiently achieved. A subsequent ligand dissociation step, leaving RET in its active state, is conceivable.
The positively charged membrane facing surface of NRTN has previously been shown to bind heparan sulfate with residues (R149, R152, R156, R158, R160, and Q162) from both protomers contributing to the coordination of sulfate ions (13) . The cryo-EM structure suggests an additional role for the membrane-facing NRTN surface in binding the negatively charged C terminus of RET CRD via electrostatic interactions (Fig. 2B) , which should be further investigated. Other GFLs are less positively charged than NRTN and have different charge distribution (e.g., GDNF). As a result of this, the interaction between those GFLs and RET CRD would be expected to differ. A previous negative stain study on human GDNF-GFR1-RET complex showed an additional large mass of nonconnected density a short distance away from the membrane-facing side of GDNF that was interpreted as the flexible GFR1 C terminus and the RET CRD C terminus (18) . The cryo-EM reconstruction presented here does not contain any such density, despite constructs of similar size. However, the difference may be due to alternative binding modes between these related proteins. Unlike NRTN, GDNF has positively charged patches located at the N termini that extend from the membrane-facing surface, and this difference alone could affect CRD binding and placement of the transmembrane helices.
In addition, different conformations within the NRTN-GFR2-RET ECD complex in the cryo-EM reconstruction were identified (Fig. 5) . This suggests that NRTN functions like a hinge with a circular movement of its ring-like structures (GFR2-RET ECD ). The difference in angle has also been observed between different crystal structures of the NRTN-GFR2 complex ( fig. S6) (13) .
Variation around the hinge between crystal structures of GFL-GFR pairs has been discussed previously (31) . The conformations observed between GDNF-GFR1, NRTN-GFR2, ARTN-GFR3, and GDF15-GFRAL vary greatly in the overall shape and the angle of the co-receptor toward the ligand ( fig. S6) (3, 32, 33) . This emphasizes the intrinsic flexibility of RET, which enables the receptor to accommodate a variety of ligand-co-receptor complexes. The cryo-EM structure presented here highlights that, in addition to different conformations between related GFL-GFR complexes, there is also variation within the same type of complex in solution (Fig. 5) .
In all structural studies, to date, the lack of RET or the RET transmembrane region and the absence of the membrane itself may have influenced the shape of the complexes as determined by crystallography. However, it is tempting to speculate that the different conformations observed in all extracellular GFL-GFR complexes so far (13, 33) could influence the dimerization of the extracellular and intracellular RET domains and that this might lead to variations in the RET-induced phosphorylation pattern (34) . This could offer a model where binding of a unique GFL-GFR complex directs which RET signaling pathway is activated. Given its crucial role in tumor formation and neurological disease, elucidating the molecular details of the RET receptor is instrumental in gaining new mechanistic insights into the regulation of RET signaling, which will offer a blueprint for future drug development endeavors.
MATERIALS AND METHODS
Protein expression and purification
Human NRTN and NRTN mutants were purified according to previously published protocols (13) . Briefly, the coding sequence for residues 97 to 197, preceded by a 6× His-tag and a TEV (Tobacco Etch Virus) cleavage site, was cloned into a pET24a vector and expressed in Escherichia coli BL21 (DE3) Star via autoinduction at 25°C. Resulting inclusion bodies were dissolved in 50 mM tris-HCl (pH 8.0), 100 mM NaPO 4 , 8 M urea, and 10 mM TCEP (tris(2-carboxyethyl)phosphine), and NRTN was refolded by rapid dilution into 50 mM tris-HCl (pH 8.2), 3 M urea, 75 mM NaPO 4 , 300 mM NaCl, 20 mM glycine, 4 mM cysteine, and 15% (w/v) glycerol. NRTN was extracted by Ni affinity chromatography using 50 mM tris-HCl (pH 8.2), 300 mM NaCl, 75 mM NaPO 4 , and 15% (w/v) glycerol, containing 100 mM imidazole for the wash step and 500 mM imidazole for elution. The His-tag was removed using TEV protease (produced in house) at a molar ratio of 1:10 for 16 hours at 4°C, while being dialyzed against 50 mM tris-HCl (pH 8.2), 300 mM NaCl, 75 mM NaPO 4 , and 15% (w/v) glycerol. The cleaved protein was passed over the Ni-nitrilotriacetic acid (NTA) resin, and the flowthrough was collected. As a final purification step, NRTN was purified on Heparin Sepharose Fast Flow (GE Healthcare) equilibrated in 50 mM NaPO 4 , 100 mM NaCl, and 15% (w/v) glycerol. The protein was eluted with a linear gradient to 2 M NaCl, and dimeric NRTN was eluted at ~1 M NaCl. NRTN was aliquoted, flash-frozen in liquid nitrogen, and stored at −80°C.
GFR2 wild type and mutants were produced as described previously (13) . Briefly, the gene encoding human GFR2 (22 to 441), preceded by a CD33 secretion signal and with a C-terminal 6× His-tag, was expressed in CHO cells after transient transfection. The protein was purified directly from the cell culture supernatant using Ni-NTA resin equilibrated in 20 mM Hepes (pH 7), 500 mM NaCl, and 20 mM imidazole. GFR2 was eluted in buffer containing 500 mM imidazole, and fractions containing GFR2 were combined and purified by SEC chromatography (Superdex 200) in 20 mM Hepes (pH 7), 300 mM NaCl, and 5% glycerol.
Human wild-type and mutant RET ECD (1 to 635), followed by a TEV recognition site and a 6× His-tag, was purified from CHO cells after transient transfection. RET ECD was extracted from the cell culture supernatant using Ni-NTA sepharose in 10 mM tris (pH 8), 150 mM NaCl, and 20 mM imidazole. The protein was eluted with buffer containing 300 mM imidazole and cleaved overnight with TEV protease at a molar ratio of 1:10. The sample was dialyzed during cleavage to remove excess imidazole and subjected to a second Ni-NTA purification step to remove uncleaved RET ECD and the free His-tag. As a final purification step, RET ECD was purified using SEC (Superdex 200) equilibrated in 10 mM tris (pH 8), 200 mM NaCl, and 5 mM CaCl 2 . Protein containing fractions were combined, concentrated to ~1.5 mg/ml, flash-frozen, and stored at −80°C.
Complex formation
The complex between NRTN and GFR2 was formed by combining the proteins and incubating them for 3 hours at 4°C. Gel filtration was carried out on the mixture using a Superdex 75 column [50 mM Hepes (pH 7.5), 300 mM NaCl, and 10% glycerol] to separate monomeric proteins from the NRTN-GFR2 complexes. Peak fractions were combined and added to human RET at a molar ratio of 1:2 in the presence of 20 mM CaCl 2 . Proteins were incubated for 3 to 16 hours at 4°C and purified via SEC (S200) in 20 mM Hepes (pH 8), 100 mM NaCl, and 1 mM CaCl 2 . Protein complexes were concentrated to 15 to 30 mg/ml, aliquoted, flash-frozen, and stored at −80°C.
Samples for cryo-EM were not concentrated, but the peak fraction (at ~1 mg/ml) was instantly used for grid preparation.
EM data acquisition and image processing
Three microliters of purified NRTN-GFR2-RET complex at a concentration of ~1.6 M was incubated for 10 s on glow-discharged holey gold grids (UltrAuFoil R1.2/1.3) in a Vitrobot MkIV (3-s blot, 4°C, 100% humidity). Images were collected on a 300-kV FEI Titan Krios electron microscope using a slit width of 20 eV on a GIF Quantum energy filter. A Gatan K2 Summit detector was used in counting mode at a magnification of 130,000 (yielding a pixel size of 1.05 Å) and a dose rate of ~5.2 electrons per pixel per second. Exposures of 8 s (yielding a total dose of 38 eÅ −2 ) were dose-fractionated into 20 movie frames that were stacked into a single MRC stack using newstack. A total of 2242 images were collected using E Pluribus Unum (EPU) automatic data collection across two independent sessions with defocus values ranging from 0.4 to 4.5 m and a stage tilt of 40°.
Collected micrographs were corrected for local-frame movement and dose-filtered using UcsfDfCorr (35) . The contrast transfer function parameters on a per-particle basis were estimated using GCTF-0.5 (36) , and RELION-2.1.b1 was used for all other image processing steps. (37) . The two datasets were processed independently up to 3D refinement, where the particles were then joined within RELION. Particles (340,661) were picked using reference-based picking, and bad particles were removed by extensive reference-free 2D class averaging, resulting in 186,903 particles for 3D auto-refinement. This yielded a consensus reconstruction with a nominal resolution of 7.0 Å. Fine-angular 3D classification was used to further identify flexibility in the complex yielding four classes with resolutions ranging from 7.4 to 9.1 Å. Since the complex is a dimer, the reconstruction of the monomer was improved by symmetry expansion. Particles were rotated around the C2 axis, and one copy of the dimer was signal subtracted. The remaining copy was aligned to obtain a 5.7-Å resolution consensus monomer reconstruction.
Reported resolutions are based on gold-standard refinement applying the 0.143 criterion on the FSC (Fourier Shell Correlation) between reconstructed half-maps. The FSC was corrected for the effects of a soft mask using high-resolution noise substitution (38) . All 3D refinements used a 60-Å low-pass-filtered initial model, the first of which was a reconstruction calculated ab initio using RELION. Before visualization, all density maps were corrected for the modulation transfer function of the detector and then sharpened by applying a negative B-factor that was estimated using automated procedures (39) .
Model fitting
First, all available PDB models were fitted onto the 5.7-Å cryo-EM map (NRTN, 5NMZ; GFR2, 5AQ3; RET CLD1-2, 2X2U; RET CLD3-4, 4UX8). The RET CLD3-4 model was not based on a high-resolution structure but had been modeled on the basis of a sequence homology and a 24-Å resolution map published previously (18) . Each protein and CLD were treated separately and fitted in Chimera to optimize map-to-model correlation. The hexamer with the optimal fit was assembled through combination of molecules that fit the map with the highest correlation. Following model fitting in Chimera, the model and map were inspected in Coot (20) . Secondary structure elements were fitted separately, where the map-to-model correlation was not ideal (e.g., GFR2 amino acids 39 to 61). During all adjustments, multiple disulfide bonds were considered. In total, 43 disulfide bonds were present in the modeled molecules, not including the predicted ones in the RET CRD . Stereochemical refinement was performed using rosetta with torsion restraints (40) . The final correlation coefficient between the model and the map was 0.919.
Statistics of the refinement are available in table S1.
RET peptide mapping
An SDS-PAGE gel band containing ~5 g of RET protein was excised and washed with 50% acetonitrile/100 mM ammonium bicarbonate. The protein sample was reduced with 10 mM dithiothreitol/100 mM ammonium bicarbonate and then alkylated using 15 mM iodacetamide/ 100 mM ammonium bicarbonate. After washing twice with 40% acetonitrile/200 mM ammonium bicarbonate, the RET gel band was deglycosylated with peptide N-glycosidase F. Trypsin and chymotrypsin were added for protein fragmentation, which were extracted with 0.1% trifluoroacetic acid and 60% acetonitrile. The resultant digests were loaded onto the Dionex U3000 NanoLC for ESI-LC-MS (electrospray ionization-liquid chromatography-mass spectrometry) analysis using the Qstar Elite mass spectrometer. The mass spectrometry data were searched against the RET sequence using the Mascot search engine. Asparagine residues predicted to be glycosylated were changed to aspartic acids in the search sequence. Eleven of 12 predicted glycosylation sites in the RET ECD were glycosylated in this sample: Asn . Peptide mapping for cross-linked GFR2, RET, and NRTN was carried out in a similar fashion, except that a Sciex X500B mass spectrometer was used.
Surface plasmon resonance SPR experiments were conducted on a Biacore 3000 instrument (GE Healthcare) using CMDP (2D carboxymethyldextran surface) sensor chips (XanTec bioanalytics GmbH) at 20°C. NRTN was immobilized using amine coupling (Biacore Handbook, GE Healthcare) with phosphate-buffered saline as a continuous flow buffer. The sensor surfaces were conditioned using 0.1 M sodium borate and 1 M NaCl (pH 9.0) before activation by injecting a mix of 1-ethyl-3-(3-(dimethylaminopropyl)carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide for 7 min. Approximately 100 nM NRTN in 10 mM sodium acetate (pH 5.5) was injected over the activated surface and immobilized to ~35 to 200 RU (resonance units). Any reactive groups still present were deactivated by injecting 1 M ethanolamine (pH 8.5) for 7 min. A surface subjected only to activation and deactivation was also made to be used as a reference surface. Similarly, GFR2 was immobilized by amine coupling as described above.
The interaction analyses of GFR2, RET ECD , or a complex thereof injected over immobilized NRTN were conducted using 10 mM Hepes (pH 7.4), 150 mM NaCl, and 2 mM CaCl 2 as running buffer at 20°C. GFR2 and RET were diluted in running buffer to give concentration series up to 3.2 or 10 M (monomer concentrations). Samples and blank injections were injected in quick succession for 60 s over immobilized NRTN and the reference surface, followed by 300 s of dissociation. The resulting sensorgrams were-reference subtracted and blank-subtracted. NRTN 
Analytical SEC
Analytical gel filtration experiments were conducted using a Superdex 200 Increase 10/300 column (column volume, 24 ml; GE Healthcare) at a flow rate of 0.7 ml/min at 21°C. Before injection of the protein samples, the column was equilibrated with 20 mM Hepes (pH 8), 100 mM NaCl, and 5 mM CaCl 2 . Elution profiles were monitored by ultraviolet (UV) absorption at 280 nm. The void volume (V 0 ) was determined with blue dextran (Sigma). The column was calibrated with a protein standard (Bio-Rad) containing thyroglobulin (670 kDa), bovine -globulin (158 kDa), chicken ovalbumin (44 kDa), equine myoglobin (17 kDa), and vitamin B12 (1.35 kDa). Protein complexes were incubated for 16 hours at 4°C before injection onto the column.
For SEC-MALS, the complex between NRTN and GFR2 was formed by mixing the proteins (an excess of NRTN was used) in a buffer consisting of 25 mM Hepes (pH 8.0), 300 mM NaCl, and 10% glycerol and incubating at 4°C overnight, with end-over-end mixing. To separate the complexes, the protein mixture was applied to a 16/60 Superdex 75 column and eluted at 1 ml/min. Peak fractions of the GFR2-NRTN complex were pooled and combined with RET in the presence of 20 mM CaCl 2 . The mixture was incubated at room temperature for 3 hours with end-over-end mixing, before concentration to approximately 1 mg/ml and analysis via SEC-MALS.
Size exclusion chromatography-multiangle light scattering
Protein size determination was carried out using a Malvern OMNISEC RESOLVE/REVEAL system, in a mobile phase of 20 mM Hepes (pH 8.0), 300 mM NaCl, and 10 mM CaCl 2 at a flow rate of 0.5 ml/min using a Sepax SRT SEC 300 (7.8 mm × 300 mm) at 20°C. Data were processed using either Omnisec v10 or v5 (for conjugate analysis). The total mass of peptide and glycosylation fractions was calculated for RET-GFR2-NRTN, GFR2-NRTN, GFR2, and RET using the three-detector method ( fig. S1 ) with a dn/dc (refractive index increment) of 0.147 for the glycan component. The column was selected for optimal resolution of the hexameric complex, and under these conditions, the RI (refractive index) and UV signals from NRTN was obscured by buffer agents and could not be detected.
Protein cross-linking NRTN (30 nmol) and 2 nmol of GFR2 and RET or mutants thereof were incubated at 4°C for 16 hours. BS 3 cross-linker (Thermo Fisher Scientific) was added at 0-and 2500-fold molar excess, and the samples were incubated for 30 min at room temperature. The reaction was stopped by adding tris-HCl (pH 8.0) to a final concentration of 50 mM, followed by incubation at room temperature for 15 min. The samples were analyzed by 4 to 12% SDS-PAGE analysis and Coomassie staining.
Activity assessment of NRTN mutants
These experiments used the human neuroblastoma cell line TGW-SRE-Luc clone N (JCRB0618, originally from the Japanese Collection of Research Bioresources). The cell line stably expresses a reporter gene construct containing a luciferase gene under the control of repetitive serum-response elements (SREs) (26) . The expression of luciferase is dependent on MAPK pathway activation mediated by NRTN, and luciferase expression was measured using the Britelite plus Ultra-High Sensitivity Luminescence Reporter Gene Assay System (6066761, PerkinElmer).
Before seeding cells for assay, 96-well plates (6005070, PerkinElmer) were manually coated with 50 l of collagen I (final concentration, 40 g/ml in 0.2% acetic acid) per well and let to air-dry overnight at room temperature in a Biosafety cabinet class II. One day before stimulation with NRTN mutants, cells were detached using 0.25% trypsin/EDTA (25200, Gibco), seeded at 60,000 cells per well in 90 l of complete culture medium [Dulbecco's modified Eagle's medium (DMEM)/F12 (31331028, Gibco), 10% fetal bovine serum (10270, Gibco), and 15 mM Hepes (15630080, Gibco)] on collagen I-coated 96-well plates and allowed to attach overnight in an incubator at 37°C and 5% CO 2 .
NRTN mutants were serially diluted in DMEM/F12 medium without any additives in a 96-well plate (3879, Corning), and of each resulting diluted concentration, 10 l was added per well using a multichannel pipette. All doses were run in quadruplicates divided on two plates, and the stimulation period lasted for 5 hours at 37°C and 5% CO 2 .
Assay was performed according to the manufacturer's protocol with slight modifications. Components of the Britelite plus reporter kit and Dulbecco's phosphate-buffered saline (DPBS; 14040091, Gibco) were equilibrated to room temperature for 1 hour before use. The Britelite plus substrate was dissolved in the kit's substrate buffer solution, gently mixed by inverting the container to ensure a clear homogeneous solution, incubated for 5 min at room temperature, followed by addition of an equal volume of DPBS. Upon completion of the stimulation period, medium was carefully removed from the cells using vacuum aspiration, and 200 l of Britelite plus substrate mixture was added to each well of the 96-well plate. Plates were then protected from light with aluminum foil and were gently shaken for 2 min at room temperature before the plates were read using an EnVision plate reader operating in luminescence mode.
Potency (EC 50 ) was calculated using a four parameter logistic fit, Y = A + (B -A)/(1 + 10 (log10(EC50)-log10(C)) * k ), where A is curve bottom, B is curve top, k is slope (Hill coefficient), and C is concentration of wild-type or mutant NRTN. EC 50 refers to half-maximal effective concentrations of protein in receptor activation. pEC 50 = log(1/EC 50 ) values were reported as mean ± SE with the number of experiments n = 3.
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